Th e heat capacity of po tass ium borohydrid e (KBH4) was d etermin ed from about 15 to 375 oK by means of an adiabatic calorimeter. A table of t hermod ynamic function s was cal c ula~ed up to 700 oK us ing t he d ata obtained along with t h ose at hi gh temperatures found In t he li tera t ure. A solid-solid (ord er-disorder) t ransit ion was obser ved at 77.16 ± 0.0 2 oK and t he ent ropy cha nge associated with t his t rans it ion w as found to be 2.92 J jd eg-mole. A broad trans ition from about 200 to 450 oK is attributed to a continuatioll of the order-disorder tra nsit ion.
Introduction
The resul ts of beat-capacity investio·ittions on potassium borohydride (KBH4) present~d in tbis paper are ft par t of the program at the National Bureau of Standards to furnish thermodynamic data on various boron compounds.
Joh.nston and Hallett [1] 1 reported in their heatcapaClty measurements on sodium borohydride (~aBH4) a A-type solid-phase transition at IS9.9 oK with an entropy change of 1.22 cal/deg-mole.
(Henceforth t he unit of entropy in calfdeg-mole will be abb~eviated to e.u. ) Stockmayer a nd Stephenson [2] mterpreted this transition as an order-disorder type involving changes in the orientation of t.he BH4" ion group and predicted, on the bases of the ~eat-capaci ty data in the neighborhood of the transitIOn and on their previous investio·ations of ammonium halides (NH4CI, N D 4CI, aI~d NH4I) [3, 4] , that the crystal structure of sodium borohydride below the A poin t would be tetr agonal. Abrahams and Kalnajs [5] found from x-ray diffraction measurements that sodium, potassium, rubidium, and cesium borohydrides have the face-center ed cubic structure at room temperature and that sodium borohydride has the body-center ed tetragonal structure below the A poin t. The results of x-ray measurements of Ford an~ Powell [6] on sodium and potassium borohydndes at 90 and 293 OK are in agreement with those of Abrahams and Kalnajs [5] . Unfortunately, the measurements of Ford and Powell [6] were not ~ade b elow the A point (77.16 ± 0.02 OK, ob tained m the work presented here) of potassium borohydride.
Stephenson et al. [3 ,4] obtitined between 1.0 and 1.5 e.u. for t.he entropy of transition at the A point for ammonium and d eutero-ammonium halides. They h ave in terpreted these values, whicb are close to the. theoretical value of Rln2 , as arising from an order-dIsorder transition involvin O" two possible orientations of the NHt tetrahedron"'in the ammonium halide lattice. B elow tbe A poin t all of the NHt tetrahedrons have one orientation a nd above the A 'Formerl y J eanette M . Helmin g. I Figures in brackets indicate t he literature references at the en d or this paper . point they have eith er of th e two orientations. Infrared spectra [7] and neutron diffraction [S,9] measurements on t he a mmonium h alides support the above in terpretation.
Steph enson, Rice, and Stockm ayel' [10] found , from cooling a nd warming curve investigations tra nsitions in KBH4 at 76 ± 1 0 K, RbBH4 at 44 ± 3 OK a nd CsBH4 at 27 ± 1 O K and in terpreted thes~ transitions to be the order-disorder typ e interpreted for the A transitions in N aBH4 and the ammonium h alides. The alkali m etal borohydrides have, in contrast with the ammonium halides, the face-centered cubic structure (N aCI) in the region above the A transition [5] . (LiBH4 h as the orthorhombic structure [ll] . ) The ammonium halides exist in the body-centered cubic form (CsCl) in the region above the A transition and transform by first-order transition into the face-centered cubic form only at high er temperatures [3, 9] . From h eat-cap acity measurements, Shigi [12] found the entropy associated with the transition in KBH4 to b e 0.771 e.u. which is considerably lower than the Rln2 or 1.3S e.u . for the order-disorder tr ansition. Shigi [12] ascribed the observation to an order-disorder transition involving BH.;-ions as interpreted by Stockmayer and Stephenson [2] for the A transition in N aBH4.
In this paper , the results of new measurements on the h eat capacity of KBH4 from 16 to 376 OK ar e presented. A relatively low h eat of A transition , comparable to that observed by Shigi [12] , was obtained. The low-temperature h eat-capacity data were compared and anlyzed with the relative enthalpy data (0 to 400 DC) reported by Douglas and Hannan [13]. The " broad" transition exte nding from about 200 to 450 OK is interpreted as a continuation of the order-disorder transition still incomplete at 77 .16 OK.
. Apparatus and Method
The heat-cap acity measuremen ts were conducted in an adiabatic calorimeter similar in design to that d escribed by Scott et al. [14] . The calorimeter vessel, which was filled externally and sealed by m ea ns 74 3-261--04----8 of a sp ecially designed gold-gasket closure [15] , was susp ended within the adiabatic shield system by means of a linen cord instead of the filling tube shown in t he above reference [14] . The design and operation of the calorimeter will b e given in detail in a subsequent publication.
The platinum-resistance thermometer used in the measurements was calibrated on the Intern ational Practical Temperature Scale of 1948 [16] . The temperatures in d egrees Kelvin (OK ) were obtained by adding 273.15 deg to the temperatures in degree Oelsius (°0 ) . Below 90 O K , the thermometer was calibrated on the NBS-1955 provisional scale which is numerically 0.01 deg-lower than the NBS-1939 provisional scale [17] . TIl e r esistance measurements were made to the nearest 0.00001 ohm by means of a Mueller bridge and a galvanometer of high sensi ti vi ty.
The electrical power introduced into the calorimeter heater (100 ohms of constantan wire) was measured by means of a Wenner potentiometer in conjunction with a volt box, standard resistor, and saturated standard cells. The duration of each heating interval was measured by means of an interval timer of high precision operated on the 60-cycle frequency standard provided at the National Bureau of Standards. The 60-cycle frequency standard is derived from a 100 kc/s quartz oscillator which is stable to 0.5 ppm. The operation of the interval timer was checked periodically with seconds signals also derived from the same 100 kc/s oscillator. The variations were not more than 0.02 sec for any time interval. The heating periods were never less than 2 min.
The observed gross (calorimeter vessel plus sample) heat-capacity values were corrected for CUI'vature wherever significant by a method previously described [18] . The values of net heat capacity (hea t, capacity of sample only) were obtained by subtracting the values of tare heat capacity (heat capacity of empty calorimeter vessel) from those of the gross heat capacity at the corresponding tempm·atmes. The values ot the tare heat capacity at the various temperatures were obtained by fourpoint Lagrangian interpolation in a table of tare heat-capacity values previously obtained. OOITections wer e applied for the heat capacity of helium gas and for the small difference in the mass of the calorimeter vessel b etween the gross and tare measurements. The values of net heat capacity were corrected for the KB02 impurity and converted to molal basis using the a tomic weights based on 0 -12 I19]. These converted values will be referred to as observed molal heat capacity. Whenever a reference to the energy unit calorie is made, the defined calorie (4.1840 absolute joules) is intended .
. Sample
The. po.tassium bQrohydride sample used in the investlgatlOn was purchased from Metal Hydrides, Inc. The analyses furnished by the supplier showed the sample to contain 99.5 percent of the theoretical hydrogen by a gasometric method and 100.5 and 100.7 percent of the alkali and boron , respectively, by acid-base titration. The supplier b elieved the sample to have a purity no less than 99 .5 percent. The analyses furnished with the sample are summarized in table 1 . A portion of the above sample was used for the low-temperature measurements and another portion of the same sample was used by Douglas and Harman [13] in the high-temperature measurements previously reported. After the completion of the measurements, a separate set of chemical analysis was obtained, however, on the portion that was actually used in the low-temperature measurements because of the relatively low stability of the substance.
The sample was received, sealed with paraffin, in a screw-cap jar. The jar was opened approximately two weeks after receipt in an inert atmosphere box containing dry argon and a portion of the sample was transferred without further treatment into a calorimeter vessel. The sample was pumped in the vessel for two days, purged with helium gas several times, and finally sealed wish a small quantity of helium gas. The helium gas serves to increase the rate of temperature equilibrium in the sample during the heat-capacity measurements. 
00
• These values were supplied b y the Metal H ydrides, Inc.; the percentages of potaSSium boroh ydride, based on potassium (titration), boron, and h ydrogen. After completion of the heat-capacity measurements the purity of the sample was redetermined by hydrogen-evolution analysis and by titration of the boric acid. The analyses were performed by R . A. Paulson of the Applied Analytical Research Section of the Bureau. In the hydrogen analysis, the hydrogen was liberated by hydrolysis with 6N hydrochloric acid. The liberated hydrogen gas was swept by nitrogen through an absorber containing Ascarite and Anhydrone to remove any acid and water. The dried hydrogen gas was then oxidized TABLE 2. Observed h eat capacity oj potassium boroh ydrideon copper oxide at 700 DC to water which was Gra m fo r mul a \\'t=53.94488 g, T clog K=t clog C+273. 15 absorbed on Anhydrone and weighed. For the boric acid analysis, the sample was first titrated with standard hydrochloric acid to the methyl red end point, and after the addition of several grams of mannitol, was titrated with standard sodium hydroxide to the phenolphthalein end point.
The analyses were not done immediately after the completion of the heat measurements ; the composition of the sample investigated is therefore somewhat uncertain. The sample upon r emoval from the calorimeter vessel was stored in a screw-C~tp jar in a desiccator containing Drierite and the analyses were performed approximately one year later. Two samples taken from the top of the jar analyzed 98.69 and 98.73 percent by hydrogen analysis and 99.56 and 99.70 percent by titration of the boric ftcid. Another pair of samples from the bottom of the jar both analyzed 99.12 percent by hydrogen analysis and 99.91 and 100.00 percent by titration of the boric acid. These analyses suggest that the heat-capacity measurements were made on a sample that was at least 99.1 percent KBH4, probably 99.5 percent.
Most literature informfttion indicates that KBH4 is stable, but, a test sample exposed continuously for 48 days to the laboratory atmosphere changed in KBH4 content from 98.4 to 96.7 percent according to hydrogen analysis. Considering the analyses given for the sample by the supplier and those obtained approximately one year later, the composition of the sample investigated was tftken to be 99.5 percent KBH4 and 0.5 percent KB02 possibly formed according to the reactions: and KBH4 +2H 20 = KB0 2 + 4Hz KRH4 + 202= KBOz+ 2HzO.
(1)
Corrections were made to the observed values of heat cftpacity on the basis that the heat capacities of KBH4 and KB0 2 were additive. Because of the lack of heat-capacity data on KB02, the corrections were calculated on the basis that the ratio of the heat capacity of KB02 to KBH4 is the same as that of NaBO z [20] to NaBH4 [1].
. Experimental Results

4.l. He at Capacity
The observed values of molal heat capacity from about 15 to 375 O K are summarized in table 2 and plotted in figure 1. The heat-capacity curve indicates a broad transition starting from about 200 OK and begins to Hatten from about 300 oK. A part of the same transition was observed by Douglas and Harman [13] The values of heat capacity obtained were at helium-gas pressures varying from 50 torr at room temperature to about one-twentieth of this pressure at the lowest temperature and to about 60 torr at the highest temperature. In the case of KBH4 the conversion of its heat capacity from any of thE' above pressures to 1 atm pressure would make a negligible change. Therefore, all computations and analyses have been carried out as if the measurements were made at constant 1 atm pressure.
.2. Heat of Tra nsition
A solid-phase transition was observed and the transition temperature was estimated from the observed values of the heat capacity to be 77. 16 ± 0.02 OK. (In this paper, the figure associated with the symbol ± indicates the uncertainty estimated by examining the precision of the measurements and possible sources of systematic errors. The figure has a 50 percent confidence limit.) The apparent heat capacities in this temperature region are given in table 2 and in figure 1. The heat associated with the transition was evaluated by subtracting the enthalpy change calculated from the "normal" heat-capacity curve, shown as a broken line in figure I , between 65 and 80 OK from the total change obtained for the temperature interval. The total change in enthalpy between 65 and 80° K was determined by summing the various experimental increments of energy introduced to determine the heat capacity over this range. Adjustments were made to the even 65 to 80 OK temperature interval using the observed values of the heat capacity . These results are summarized in table 3 on a molal basis, obtained after subtracting the contribution of the calorimeter vessel to the observed enthalpy increment. • Standard deviation of the mean as used above is defmcd as [~d2/n(n-l)Jl/2; where d is the di ffcrcncc between a sin gle observation and the mean, and n is the number of observations.
.3 . Derived Thermodyna mic Properties
The valu es of th e ob served molal heat capacity were smoo thed and combin ed wi Lh the results of the relative enth alpy measurem en ts between 0 and 400 °0 repor ted by D ouglas and H arm an [13] (see eq (3)) t o calculate the t hermodynami c functions from o to 700 oK. The sm oothing method used wi th the obser ved low-temperature values of heat capacity involved a co mbin ation of analytical and gr aphical procedures. Several overlapping . empirical equations were fitted to the observed valu es of heat capacity over t be range of measurements and the deviations from the empirical equ ations plotted . Smoo th cunT es wer e drawn through the deviation points and t he values of h eat capacity at equally and closely spaced integral tem per at ures were ob tained by combining the values fr om t he empirical equations and the deviation curves. In the reg ions wh ere t he equations overlapped, the valu es th at joined m ost smoo thly were selected. The tabular values were fi nally ch ecked for smoo thn ess by examining the differ ences and wher ever necessary th ey were smoo thed furth er b y n umerical methods [22] .
The smooth ed low-temp erature values of h eat capacity wer e compar ed with those ob tain ed from th e heat-capacity equation (eq (3)) given by D ouglas and H arm an [1 3]. The values from th e two sets of m easurem en ts wer e found to join b est at abou t 370 O K (see fig. 2 ) and were smooth ed togeth er by a numerical m ethod . (a nine-poin t cubic smoothing procedme) [22] . The en thalpy change between 0 and 100 °0 given in th e final table of th ermodynamic fun ctions (table 5) J jmole for samples 1 and 2, respectively. The enthalpy increment based on the low-temperature measurements was calculated to be 9776 J jmole. - 00 . 036 . 045 . 009 . 012 . 015 . 003 10. 00 . 290 . 725 . 072 . 097 . *Integration over the te mperature in terval 65 to 80 deg Ie is based upon t he estima ted base line hea t capacity. While the distribut ion of energy in t his tempe rature interval is less accurate, the value of t he en thalpy at 80 deg accurately represents t he experimentally observed increment over t he temperature interval.
Ho and Sg are the reference states at absolute zero of temperature.
The thermodynamic functions were calculated from the values of heat capacity according to the following thermodynamic relations:
T-8g= iT C(dT/T)+t:.H/T tr (6)
The functions (Hr -H3) / T and (GT-Hg) / T were obtained by dividing the respective quantities given in eqs (5) and (7) by the corresponding temperatures. The Gibbs energy was calculated using the two equivalent relations given in eq (7) to check the internal consistency of the calculations. The equations were evaluated by step-wise numerical integration and sub tabulated using four-point Lagrangian integration coefficients [23] on the IBM 7094 computer at the Bureau. Between 65 and 80 oK where the solid-phase transition was observed, the thermodynamic functions were calculated on the basis of the "normal" heat-cap aci ty curve shown as a broken line in figure 1. At 77 . 16 oK the heat and entropy of transition were added in accordance with eqs (5) and (6) and the eyaluation continued to the higher temperatures.
Reliability of the Re sults
The uncertainty in the final smoothed values of heat capacity obtained from the results of the measurements was estimated to be ± 0.3 percent.
At temperatures below about 50 oK the uncertainty increases because of the decrease in sensitivity of the thermometric method used. At the lowest temperature (16 OK) of the measurements, the uncertainty was estimated to be as much as ± 1 percent. A precision of 0.02 percent or better can generally be achieved, however, with the calorimetric system in which the measurements were made. With a stable substance of high chemical and phase purity, and considering possible systematic errors, the accuracy of 0.1 percent or better is expected, except at the lowest temperatures for reasons mentioned above. In the present investigations the uncertainty in the chemical composition of the sample contributed more to the uncertainty of the final yalues than the uncertainty in the measurements.
The thermodynamic functions derived from the heat capacity are as reliable as the heat capacity. The calculations were performed with an accuracy greater than the precision of the measurements . Some discrepancies may be present in the tabulated thermodynamic functions because of the rounding.
. Discussion of the Results
The A-type solid-phase transition (transition temperature = 189.9 [10] similarly interpreted the transition found in KBH. at 76 ± 1 oK from cooling and warming curve investigations . The heat capacity investigations on KBH4 presented in this paper show an entropy of transition of 0.70 e.u. at 77.16 oK, which is about one-half of the expected 1.38 e.u. (R In 2) for completely random arrangement of the BH,;-tetrahedra between the two orientations. This suggests that the tetrahedra in KBH4 may still remain essentially paired with local ordering just above the transition temper ture From the consideration of the larger lattice parameters of KBH4 relative to those of NaBH4 [5, 6] , the interactions between the BH,;-ions in KBH4 would be expected to be weaker and the rearrangement less hindered. The low entropy increment for the transition in KBH4 indicates, however, that the interactions between the BHi ions are somewhat more complex and involve more than simple interpretations based on lattice parameters.
The heat capacity of KBH4 shown in figure 2 suggests that another "transition" occurs from about 200 oK to as high as 450 ole This transition is interpreted as the continuation of the order-disorder orientations of the tetrahedral BH4-ions. The x-ray diffraction investigations by Ford and Powell [6) show, however, that the crystal structure of KBH.! is the same at 90 and 293 oK. The lower temperature limit of this broad transition is higher than the transition temperature (189.9 OK) found for N aBH4 by Johnston and Hallett [1] , which indicates further that the BH; ions in KBH4 interact more than in NaBH4.
The transi tion at the higher temperatures was expected to contaiu the remaining 0.7 e.u. The estimation of the entropy contribution of the transition, based on the subtraction from the observed heat capacities the contributions of Cp -Cv, lattice vibrations, and internal vibrations and torsional oscillations of the BH; ion, was not satisfactory. For the Cp -Cv and lattice vibration contributions, the heat capacity of KF [24] was taken. For the contributions from internal vibrations in BH;, the frequency values given by Altshuller [25] for N aBH4 were used. For the torsional oscillations the value 350 cm-1 estimated for BH; in N aBH4 by Stockmayer and Stephenson [2] was used. The sum of the various contributions was found to be considerably lower than the expected heat capacity. The heat capacity of KBH4 is expected to be slightly above that of N aBH4 (see figure 2 ). For example, at 300 OK the difference between the expected heat capacity and the ,>um of the heat capacity of KF and the contributioll3 from the internal vibrations in BH~ is larger than the classical limit for an oscillator (three degrees of freedom). The results at 400 OK are the same. This indicates that the frequencies used for the internal vibrations in BH; are too high or that the observed resultant heat capacities are considerably more complex than the simple summation of the contributions given earlier.
The heat capacities obtained from the following relation were found to be f airly sa tisfactory : (8) where the symbol 0 represents the heat capacity corresponding to the substance indicated by the subscript [1 , 26 , 24] . The resul ts are plotted in figure 2 (solid line). The entropy difference in t h e inteval 200 to 500 O K b etween the observed v alues for KBH4 and th at calculated according to eq (8) is 1.11 e. u. This value is somewhat larger than the expected value (0.7 e.u.). The calculations based on eq (8) probably yielded heat capacities that are too low. The two v alues are sufficiently close to suggest that the higher-tempera ture transition contains the remaining order-disorder transition.
For comparis on , heat-capacity measurements should b e in teresting on Lbe other alkali-metal (Rb and Os) borohydrides, whi ch h aye the f ace-center ed cubic crystal structure similar to KBH4 and N aBH 1 [5]. Stephenson et fll. [10] obser ved transitions in RbBH4 and OsBH4 in cooling and warmin g cune investigations. Neither the en (,ropy of these tr ansitions nor the hi gh er-temper ature broad tr an sition s have been investigated.
Lithium borohydride, LiBH4' whi ch is orthorhombic [11] , does not exhibit any tr ans ition b etween 16 and 303 O K [27] simil ar to those found in N aBH4 or KBH4. (See fig. 2. ) A close examin a tion of the LiBH4 data at the upp er limit of measurements [27] does, however , show a slight indica tion of an on-se t of a possible transition. The indica tion m ay be just a scatter in experimen tal data. Further measurements on LiBH4 above 300 OK would also be inter estin g.
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